Intra-cavity imaging coils provide higher signal-to-noise than surface coils, and have the potential to provide higher spatial resolution in shorter acquisition times. However, images from these coils suffer from physiologically-induced motion artifacts, since both the anatomy and the coils move during image acquisition. We developed prospective motion correction techniques for intra-cavity imaging using an array of tracking coils. The system had <50ms latency between tracking and imaging, so that the images from the intra-cavity coil were acquired in a frame of reference defined by the tracking array rather than by the system's gradient coils. 2D Gradient-Recalled (GRASS) and 3D ECG-gated Inversion-Recovery-Fast-Gradient-Echo (IR-FGRE) sequences were tested with prospective motion correction using ex-vivo hearts placed on a moving platform simulating both respiratory and cardiac motion. Human abdominal tests were subsequently conducted. The tracking array provided a positional accuracy of 0.7±0.5mm, 0.6±0.4mm, and 0.1±0.1mm along the X, Y and Z directions at a rate of 20 frames-per-second. The ex-vivo and human experiments showed significant image quality improvements for both in-plane and through-plane motion correction, which although not performed in intra-cavity imaging, demonstrates the feasibility of implementing such a motion correction system in a future design of combined tracking and intra-cavity coil.
Introduction
Intra-cavity imaging coils have been developed to improve signal-to-noise ratio (SNR) for internal organ imaging. The close proximity of small intra-cavity coils to the target organ increases the local SNR as compared to larger and more distant external surface coils. This increase in SNR can be used to generate higher spatial resolution and/or shorter acquisition times. Various intra-cavity imaging coils have been previously described including: intravascular coils used for cardiac and arterial wall imaging (1) (2) (3) (4) (5) , endo-rectal coils used for prostate imaging (6, 7) , and intra-vaginal coils used for cervix and ovarian imaging (8, 9) . The images acquired with these intra-cavity coils are frequently superior in diagnostic and interventional imaging applications as compared to surface coils.
Intravascular catheter-based receiver coils have been developed for high resolution imaging of the heart and vascular walls (2, (10) (11) (12) (13) . However, it has been difficult to achieve good image quality in vivo using such coils, due to the motion of the coil in the vessel's blood stream or in concert with the vessel-wall's motion. Efforts have been made to stabilize the coil relative to the imaging target. Martin (14) designed a coil incorporating a 9mm diameter "bullet tip" on the end of the coil to restrict coil motion relative to the vessel wall. The resulting images showed substantial improvements, but the mechanical rigidity of the "bullet tip" is not acceptable for clinical use. Expandable intravascular catheter coils have also been developed (5, 12, 15) . These coils are folded during deployment and expanded once the target vessel is reached, contacting the wall and thereby minimizing the relative motion between the coil and the vessel wall. However, motion artifacts remain a major issue during highresolution imaging since vessel wall motion causes the coil to move relative to the magnet's frame of reference (12) . Similarly, for the widely-used Medrad (Warrendale, PA) prostate endo-rectal MRI coil, an inflatable balloon is utilized to stabilize the position of the coil inside the rectum (7, (16) (17) (18) . The concave balloon ensures tight seating against the rectal wall at the level of the prostate. However, gross patient motion during the scan, as well as respiratory motion of the anterior abdominal wall and peristaltic bowel movements, can produce significant motion artifacts as compared to body array imaging (19) . Thus, it has become apparent that motion correction techniques are required for intra-cavity coil imaging, so that the gain in SNR afforded by the coil is not compromised by motion artifacts.
MRI motion-artifact correction methods fall into two main classes: Retrospective and Prospective. Retrospective motion correction addresses motion artifacts following the acquisition of a complete set of raw image data, but before image reconstruction occurs. The raw data is corrected based on motion information derived from the images themselves, or based on motion probes, such as navigators (20) . Retrospective corrections are less demanding on the system, and frequently work well for in-plane motion, but they are generally inadequate for through-plane motion, since T1-relaxation modulation perturbs image quality. To avoid these issues, Prospective motion correction techniques have been proposed, traditionally based on navigators (21) (22) (23) (24) . These techniques track motion during data acquisition and then rectify the acquisition position and orientation in real-time by adjusting MRI sequence parameters, to ensure the entire scan is acquired in the anatomy's frame of reference rather than that of the gradient coils. However, in order to correct motion for high-resolution intra-cavity coil imaging, the navigator needs to have an accuracy of the same order of magnitude as the resolution of the intra-cavity coil image.
Stereoscopic cameras have been used for head surface movement tracking (25) , but they cannot be used for tracking the movement of an intra-cavity coil within the body's interior. Miniature (mm diameter) radio frequency (RF) coils, together with the MR-tracking techniques, have been used as active markers for motion detection in diagnostic and interventional MRI (26) (27) (28) , and have demonstrated sub-millimeter spatial accuracy and 20 frames-per-second (FPS) speed, when positioned in proximity to the moving organ. They require a tiny footprint, which makes placement of multiple coils inside the enclosure of a local coil possible. They are particularly useful when combined with a real-time multichannel-receiver system found on many modern MR scanners. One recently published study used such coils for brain-motion correction (29) . In the study reported here, we integrate active MR-tracking coils into an imaging coil for motion detection and prospective motion correction in real-time, so that the entire image can be acquired in the anatomic frame of reference, and to demonstrate its use for cardiac and abdominal imaging.
Materials and Methods

Tetrahedron shaped array of tracking coils
Two mm outer diameter solenoid tracking coils were constructed from hollow PVC piping with a length of 4 mm, 11-40-Gage copper-wire turns, and filled with 20 mL/L Gd-DTPA doped water. Four tracking coils were fixed on to the corners of a tetrahedron at a distance of 3cm from each other (Fig. 1A) . The tetrahedron geometry was chosen, because its equilateral design captures the three vectorial (x, y, z) directions equally, and as such provides isotropic resolution of translation and rotation about these directions. Each tracking coil was connected to an independent MRI receiver channel, allowing simultaneous measurement of its position, from which rigid-body motion was calculated (25, 29) . Each channel was tuned to 50 ohms and matched to the 1.5T MRI resonance frequency. Coils were also actively decoupled with pin diodes, to enable a high SNR (>3000) at tracking rates of 20 FPS.
Real-time tracking with the Tetrahedron
The location of each coil was detected with a tracking pulse sequence (Fig 1B) . To correct for local B 0 in-homogeneities, one excitation was performed without a spatial encoding gradient to provide a reference frequency-offset. The subsequent three excitations included a nonselective RF pulse followed by gradient readouts along three orthogonal spatial axes. A spoiler gradient in an orthogonal axis to the readout axis was used to eliminate background signal originating from coupling to the adjacent larger-volume imaging coil, while preserving signal in the localized sensitive region (~100mm 3 ) of the tracking coil (Fig. 1C ) (27, 29, 30) .
The coil location along each axis was determined by subtracting the location of the reference-frequency peak from the peak location provided by the Fourier-transformed signal of each of the directionally-encoded profiles. The signal detected by the coil was highly dependent upon the orientation of the coil with respect to the applied readout gradients (27) . A single peak was observed if the gradient was applied perpendicular to the tracking coil (Fig. 1D , y direction) while two peaks were observed if the readout gradient was applied along the length of the tracking coil, with each local maximum corresponding to an end of the coil (Fig. 1D, x direction) . Rather than finding the location of the maximum signal, the centroid of the coil's intensity profile was calculated. First, the location L m of the maximum signal intensity was found, then a window, W, centered at L m was chosen. The size of the window was set at twice the length of the coil, encompassing all the signals from the coil. The location of the centroid L c was computed as: [1] Where S(l)is the signal intensity at location l in the projection. This centroid provides the center of the coil, independent of the applied gradient direction. This characteristic can be illustrated with the peak profile shown in Figure 1D . Along the x direction, a maximumpeak detection algorithm will find the location of either end of the coil, but a slight variation in the signal intensity between the two peaks due to noise can cause fluctuations in the detected coil location. This problem is resolved using the centroid algorithm, which always finds a peak location that is a closer approximation to the coil's center, offering greater robustness and accuracy, even when the tracking peak has a complex profile.
The positions of the 4 tracking coils can be written as a 3×4 matrix X, with columns denoting the position of one coil{m α = (x α , y α , z α )}, α= 1,…,4. The motion parameters can be calculated from these 4 tracking coils: [2] Where X 0 and X t denote the positions of the tracking coils at time zero and time t (denoted as tracking(ref) and tracking(t) in Fig. 2) . R m is a 3×3 othornormal rotation matrix. T m is a 3×4 translation matrix, each column of which is the translation vector t m . A closed-form solution for Eq. 2 is determined from the correlation matrix (31,32) [3] Where each column of X0 and Xt are the mean vector m0 and mt respectively. And the mean vector is calculated as: [4] After decomposing C with singular value decomposition (SVD) into C= UDV T , rotation R m is: [5] Translation t m is: [6] Acquired MR-tracking signals from each coil were processed at a speed of 50 ms (including signal acquisition and processing) to determine the tracking coils' position and orientation. The processing was performed on a Linux-based operating system, which communicated with the MRI scanner via the RT-Hawk rapid Transmission Control Protocol and Internet Protocol (TCP/IP) connection (33) . The resulting motion parameters were then provided to the MRI scan control computer in order to adjust the subsequent imaging segment's parameters in real-time.
Evaluation of Tracking Accuracy and Precision
The tetrahedron tracking array was attached to an MRI-compatible 3-axis stage (Velmex, East Bloomfield, NY) to test tracking accuracy and precision. This stage could be manually moved in three orthogonal directions independently, at an accuracy of 0.1mm in each direction. The stage holder was placed on the table, so that the vertical axis of the stage was aligned with the Y (anterior-posterior for a patient in head first supine position) axis of the scanner. The two horizontal axes, X (left-right) and Z (superior-inferior) of the stage, were visually aligned with the MRI's positioning laser marker. After alignment, the holder was tightly fixed to the table for the duration of the experiment. The stage was manually moved along the 3 axes for known distances within a 45 mm range, with the tracking coils measuring the instantaneous locations. At each location, approximately 20 tracking-coil measurements were performed, so that the precision could be calculated. The discrepancy between the known and measured distances provided the accuracy of the tracking coils. The MR tracking parameters were: TR/TE/θ = 7.5ms/3ms/5°, 300 mm FOV, ±32 KHz bandwidth, 256 matrix, providing a resolution of 1.2x1.2x1.2mm at 20 FPS. The small flip angle was applied to minimize changes in spin magnetization for imaging.
The rotational accuracy was simulated using the error measurements from translation, due to the lack of an accurate rotational motion stage. A tetrahedron with 3cm long edges was simulated as rotating around its 3 axes at different angles within a range of 20°. Gaussian noise was added to the position of each corner of the tetrahedron. The rotations were then calculated based on the noisy data and compared with the known angles, with the ensuing discrepancy between the two providing the rotational accuracy. For each angle simulation, 1000 noise values were simulated, from which the precision was calculated.
Prospective motion correction for 2D GRASS
A 2D gradient recalled sequence (GRASS) was modified to integrate prospective motion correction based on the tetrahedron tracking, by placing a tracking sub-sequence in front of each GRASS phase-encoding segment. Three main modules ( Fig. 2) were integrated into the GRASS sequence, a Stabilization module, a Motion-Correction module, and a Reacquisition module. At the start of the acquisition, the positions of the tracking coils were measured and used as references ("ref") for the relative motion calculations during the scan.
The Stabilization module was intended to improve image quality. When the tracking segment detected large or high-temporal-rate motion, the tracking segment was repeated until the measured motion fell below a preset threshold (i.e. 1mm in X/Y/Z direction), meaning the motion is reaching a relatively stable period. This increased image quality, since imaging was not performed during severe motion periods, which would have contributed only blurred data. The last position of the tracking coils in this module was recorded as the "new" position and it was sent to the scan control computer to correct for relative motion in real-time. The thresholds are currently set only for the three translations, but not for rotations, since the physiological motion (e.g. twisting or beating heart) that occurs during intra-cavity imaging always contains a translational component. Therefore, this is a quick way to judge the degree of motion.
The Motion-Correction module was used for geometric adjustment of the imaging segment. Prior to each imaging segment, motion parameters coming from the tracking computer, "new-ref", were updated in the pulse sequence through RT-Hawk. Inter-segment relative motion was therefore corrected prospectively for every imaging segment. To correct for rotation, the gradient rotation matrix was adjusted; to correct for translation in the slice selection and read-out direction, the RF transmit and receive frequencies were adjusted, respectively; to correct for translation in the phase-encoding direction, the receiver phase was adjusted.
The Re-acquisition module added robustness to the prospective motion correction system. This module repeated the coil position measurement after each scan segment. The tracking locations acquired after the imaging segment ("confirm") were compared with the ones obtained before the segment ("new"). If the difference ("confirm-new") exceeded a preset threshold, this indicated that motion had occurred during this acquisition period, so the acquired k-space lines in this segment were discarded, and the same k-space segment was re-acquired. Otherwise, the scan progressed to the next imaging segment, continuing until the entirety of k-space was filled.
Prospective motion correction for ECG-gated 3D IR-FGRE
A 3D ECG-gated Inversion Recovery spoiled Fast Gradient Echo (IR-FGRE) sequence was modified by adding the tracking segments for motion correction. IR-FGRE was chosen because it is used for cardiac Myocardial Delayed Enhancement (MDE) imaging, as well as for T1-weighted imaging. ECG-gated 3D-MDE was performed with an inversion-recovery pulse, followed by a segmented k-space gradient-echo acquisition (Data Acq segment, Fig.  3 ), which was triggered to start at the mid-diastolic cardiac phase. In each RR interval, two tracking segments were added to the MDE sequence, one preceding and one following the imaging segment. The tracking-coil position at the beginning of the scan was set as the baseline. During imaging, the position detected by the RR interval's first tracking segment was compared with the baseline, which provided the encountered motion for use in prospective motion correction of the subsequent imaging segment, similarly to the Motion Correction module's implementation in 2D-GRASS. The positions detected by the 2 nd tracking segment were compared with the 1 st segment (translational difference in each direction was calculated), and if any difference was larger than a set threshold, the previously acquired data was rejected, and re-acquired.
Experiments for 2D prospective motion correction
Experiments were performed on a GE (Waukesha, WI) 1.5T scanner running 12.x software. The tetrahedron tracking array was fixed tightly to a 5-inch imaging coil, so that during the experiments, the assembly moved with the same motional pattern. This setup mimicked a tracking coil array integrated with an intra-cavity coil. The experiments tested the feasibility of prospective motion correction based on tracking coils which moved along with their adjacent imaging coils.
2D prospective motion correction experiments were performed on ex-vivo swine hearts, which were placed in a water-filled bottle. The bottle sat on the MRI table, which was cyclically displaced by 10mm in the Z direction, interspersed by motionless periods. Rotation was performed using a wooden "Lazy-Suzy table", using a rod with one end connected to the Lazy-Suzy plate, and the other end connected to the stationary base of the table, so that when the table top moved in and out of the magnet, the phantom on the LazySuzy table translated in-out while rotating around the axis of the Lazy-Suzy table by up to 30°. 2D GRASS parameters: TR/TE/θ= 50/7ms/30°, ±32 KHz bandwidth, 3mm slice thickness, 256×224 matrix, 150x150mm FOV. The thresholds set in both the Stabilization and Re-acquisition Modules were 1mm for translation.
Reference images were acquired without table motion occurring. When motion was performed, scans with and without prospective motion correction were acquired. The images were compared with the reference images. 1D correlation along a line that passes through high-resolution features of the images was used as a quantitative measurement of the image quality.
Experiments for ECG-gated 3D prospective motion correction
The ECG-gated 3D IR-FGRE experiments were performed with an electro-mechanical heart simulator, developed to allow programmable compression/de-compression of ex-vivo swine heart as well as synchronization of ECG-triggered imaging sequences (Fig. 4A) . The simulated cardiac motion is non-rigid during extensive portions of the R-R cycle. The simulator consisted of (1) a modified pneumatic roller pump (Stockert, Munich, Germany), which allowed for programmable bi-directional water flow control, (2) an analog IO card (National Instruments USB-6009, Austin, TX) connected to the pump at one end and to the controlling computer at the other end, (3) a heart compression chamber for placement of an ex-vivo heart, and (4) a 10-meter pneumatic hose. The programmable water pump was placed outside the scanner room, with a water line passing through the scanner-room's waveguide to the compression chamber, which was located at the scanner's iso-centre. A LabView software control interface (National Instruments, Austin, TX) was developed to regulate the chamber compression cycle, providing a range of 20-60 beats-per-minute (BPM) speed, a 0-50mm traveling distance, and a 0-25N compression force. The analog-IO card sent out high/low TTL signals to control the clockwise or counterclockwise rotation of the roller pump, which translated to compression or de-compression of the chamber.
During the simulated cardiac systolic phase, the analog-IO card sent out an artificial ECG QRS complex, which passed through an RF Low-pass filter (DC-22MHz, Mini-circuits, Brooklyn, NY) at the penetration panel to trigger the scanner's ECG synchronization unit. A high TTL signal, generated at the R-wave peak, triggered the pump to rotate in a clockwise direction, compressing the heart chamber, mimicking left ventricular contraction during the systolic phase (Fig. 4B) . During the simulated diastolic phase, a low TTL signal was sent, commanding the pump to rotate counterclockwise to de-compress the chamber, and relaxing the heart tissue to its original shape (Fig. 4C) . As a result, complete cardiac cycles were simulated, along with precise ECG triggering.
Respiratory motion was simulated by the MRI table moving 10mm in the Superior/Inferior direction. This translational respiratory motion was not synchronized with the ECG trigger from the analog-IO card. As a consequence, the ex-vivo heart moved with two independent motions, mimicking respiratory and cardiac motion.
The heart was inserted into the sample chamber, which was filled with water doped with 20 mL/L gadolinium-DTPA, mimicking an MDE scan. The diastolic imaging window for the 3D IR-FGRE acquisition was determined by acquiring a segmented k-space, RF-spoiled time-resolved (CINE) 2D FGRE scan (Fig. 4C) . The imaging window for the MDE scan was chosen to occur when the heart was fully relaxed. The simulated respiratory motion was detected by the tracking coils, and used for motion correction.
IR-FGRE scan parameters; TR/TE/TI/θ= 4.4ms/2.1ms/200ms/25°, ±62KHz bandwidth, 3mm slice thickness, 256×224 matrix, 180x180mm FOV, 20BPM Heart Rate, triggering delay 1600ms post-QRS (measured from CINE), with the in-plane phase-encodings per slice acquired over 3 R-R cycles. The threshold set in the Re-acquisition Module was 1mm. Images acquired without the simulated respiratory motion were used as references, and motion corrected images acquired with respiration were compared with those references. A 1D correlation along a line that passes through high-resolution features of the images was also used as a quantitative measurement of image quality.
Human Experiment with respiration gating using Tracking coils
To test the combined imaging and tracking assembly in humans, we placed the tetrahedron tracking coil array on top of a human abdomen and used the array to track respiratory motion and gate the acquisition. A surface imaging coil was tightly connected to the tracking coil for imaging at the level of the kidney. The ECG-gated 3D IR-FGRE sequence was used for this experiment, but the motion detected prior to the imaging segment was not used for motion correction, but only for acquisition gating. Motion correction was not performed, since the tracking coils measured surface abdominal motion, but not the actual kidney motion. These motions are correlated, but not in the same direction or amplitude, so accurate motion parameters were not acquired for motion correction. However, respiratory gating could be achieved with the tracking coils and used to test the feasibility of motion correction.
A tracking-only period was executed to find the motion-acceptance window at the subjects' end-exhalation period, similarly to the strategy applied in respiratory-navigator-gated sequences. Scan parameters; TR/TE/TI/θ=2.7ms/1.1ms/200ms/25°, ±62KHz bandwidth, 3mm slice thickness, 128×128 matrix, 420x420mm FOV, with the in-plane phase encodings per slice acquired over 3 R-R cycles. The studies were performed on five healthy volunteers. All human studies were performed with institutional review board approval and with informed consent.
Results
Tracking Accuracy and Precision
The discrepancy (mean ± standard deviation) between the known movement of the stage and the tracking coils' measured motion was 0.7±0.5mm, 0.6±0.4mm, 0.1±0.1mm in the X, Y and Z directions, respectively. Fig. 5A compares the real and measured displacements in the X and Z directions. In the 45mm measurement range, the tracking coils measured Z values matched very well with the true values, as seen by all the points lying along the diagonal line. However, the X direction tracking measurements showed increasingly greater deviations from the diagonal line as the absolute displacements increased, which is well illustrated in Fig. 5B . The Y results were similar to the X (not shown).
Gaussian noise with mean and standard deviation 0.7±0.5mm was added to the locations of each corner of the tetrahedron to investigate the accuracy of rotations. In the range of 20°, the rotation accuracy was 0.8° ±0.6° (only rotational accuracy around X is reported here because rotational accuracy around the other two axes is similar).
Prospective motion correction for 2D GRASS
Fig. 6A-C shows an ex-vivo in-plane heart motional experiment. The motional amplitudes observed during scans with and without correction (Fig. 6D, E) were similar. When motion correction was not performed (Fig 6D) , all the data acquired during the scan duration was utilized for reconstruction, which led to substantial motion artifacts appearing in the image (Fig. 6B) . On the contrary, when prospective motion correction was performed (Fig. 6E) , only data acquired during relatively stable periods was accepted. The data was rejected during the rapidly moving periods (e.g. during the rising and falling periods), because during those periods, the k-space data was contaminated by rapid motion, which could not have been corrected. As a result of the reacquisitions, the motion-corrected-scan time (Fig. 6C ) was 8% longer, relative to static or non-corrected imaging (Fig. 6A, B) . The corrected image quality (Fig. 6C) was much better than when correction was not applied (Fig. 6B) . Using the drawn line (Fig. 6A) , the corresponding profiles (Fig. 6F) showed that the corrected case preserved nicely both shape and edges, while the uncorrected case did not. The correlation between motion-corrected and the static profile was 0.96, as compared with only 0.88 between the motion-uncorrected and the static profile. Through-plane motion corrections were also performed, (Fig 6. G-I) , with similar observed improvements in image quality.
Prospective motion correction for ECG-gated 3D IR-FGRE
Simulated respiratory motion during a 3D-IR-FGRE scan was studied (Fig. 7) with table motion occurring mainly along the Z direction. In-plane motion correction experiments were first carried out (Fig. 7A-C) . When motion correction was not applied, acquisition was continuously performed, including while the ex-vivo heart moved rapidly, as well as when it displaced from the reference position by 10mm distance, which resulted in large motion artifacts (Fig. 7B) . With motion correction enabled (Fig. 7C) , acquisitions during periods of fast motion were discarded. Only points acquired during the low and high positional movement plateaus were accepted, and motion correction was performed to include these two segments. Profiles along a line (Fig. 7F) demonstrate that with respiratory motion correction, the profile with correction closely matches the static profile. The correlation between the corrected profile and the static profile was 0.97, and 0.72 between the uncorrected profile and the static profile. The experiments (Fig. 7G-I) , with table motion occurring primarily in the through-plane direction, demonstrate similar motion-correction improvements.
Human Experiment with Tracking coils gating the respiration
The human 3D-IR-FGRE abdominal experiment acquired free-breathing images (Fig. 8) without (A) and with (C) respiratory gating using the tracking coil array. A tracking-only period (first 200 time points in both Fig. 8B, D) was executed to find the motion-acceptance window at the subject's end-exhalation period. The acquisition of 3D-IR-FGRE started right after the tracking-only period. But because the tracking was performed at a much lower frame rate (instead of continuous tracking at 20 FPS, it was only run twice in one RR interval), the motion pattern after 200 time points was not smooth. When no respiratory gating was applied, the acceptance window was not used to gate the acquisition, as shown in Fig. 8B and all k-space 3D-IR-FGRE data were accepted. Considerable image quality improvement was observed when gating was performed with an acceptance window of 5mm around end-exhalation (Fig. 8C) . The breathing motion magnitude was approximately 10mm, which caused substantial motion artifacts when gating was not performed and all imaging data were accepted (Fig. 8A) . The improved image quality in Fig. 8C was obtained with 155 total acquired imaging segments (Fig. 8D) versus only 63 segments without correction (Fig. 8B) . The 92 extra acquired segments were determined to be above the 5mm threshold and were all discarded and reacquired.
Discussion
MRI imaging using intra-cavity coils offers better SNR relative to surface coils which in turn can lead to higher resolution images and improved diagnosis. However, because intracavity coils touch the imaged anatomic features of interest, the coils frequently move together with them when physiological motion occurs. As a result, motion artifacts are created which can substantially degrade the acquired images. In this study, we overcame these motion artifacts by integrating tracking coils with imaging coils.
MR-tracking coils offer several advantages. First, they are small and easily integrated into the intra-cavity probe without expanding the footprint of the imaging coils. MR-tracking coils can be made as small as 0.1mm in diameter. We have previously used 1mm diameter coils for coronary motion tracking (35) . Reducing coil size reduces the SNR efficiency (SNR/√time), so either the tracking frame rate or the spatial resolution may have to be reduced. Second, MR tracking has sub-millimeter accuracy and precision. Our measurements have provided their accuracy at both the center of the bore (the Z results) as well as the edges of the magnet's usable sweet spot (the X and Y results). It is clear that even when the gradients are less linear, the coils can be used for motion correction. These features are essential for prospective motion correction, which requires that the actual amplitude of motion be corrected, while only a minimal degree of noise is introduced into the acquired k-space. Third, the MR tracking process is fast. 3D position localization can be performed at 20 FPS. Fourth, the microcoils track local internal motion, a task which cannot be achieved with external tracking devices (e.g. optics), so the coils are well-suited for intracavity coil motion correction.
Prospective motion correction substantially improved image quality in both 2D and 3D imaging, for both the in-plane and through-plane motion. Because scan parameters were adjusted in real-time to follow the motion, the images were acquired in the anatomic frame of reference, so that at the end of the scan only good data were recorded, and conventional (on-line) image reconstruction was performed. The images were reconstructed and appeared on the console immediately after acquisition, unlike retrospective motion correction requiring off-line reconstruction.
We tested the absolute MR-tracking accuracy with an MR-compatible stage. Within a 45mm range, the absolute errors in X and Y were comparable, but were larger than observed along Z. Since our tracking coils were in a symmetric tetrahedron shape, the errors in all directions were expected to be similar. A likely cause of the directional differences observed is gradient non-linearity. The stage placed the tracking coils close to the top right of the magnet bore (approximately 20cm from iso-center in X and Y, but centered along the Z axis). In this region the gradients in the X and Y direction are more non-linear than in the Z direction. It is clear, that for more accurate displacement and rotational corrections away from isocenter, the tracking positions will have to be corrected for gradient distortions.
Rotation simulations showed that the error was less than 1° with a 3cm diagonal tetrahedron. Using the same simulation and noise level, this error increased to 2.2° ±1.7° when the tetrahedron was reduced to 1cm on diagonal, and decreased to 0.5° ±0.3° if the tetrahedron was enlarged to 5cm diagonals. This suggested that the size of the tetrahedron should be constructed to be as large as possible, while still fitting within the desired body cavity for better rotational accuracy. To allow the deployment of a large tetrahedron into a body cavity, a folding apparatus was designed and implemented. A 2cm intra-cardiac coil, folded onto a catheter shaft, so that during vascular deployment it had a 4mm outer diameter, while when unfolded in the heart it reached a 2cm diagonal size, has been developed. This catheter assembly will be tested in animals in the near future (34) .
We developed an electro-mechanical heart stimulator for the ECG-gated 3D-IR-FGRE experiment, where the ex-vivo heart independently underwent simulated cardiac and respiratory motion. The motion induced, however, was still somewhat simplified relative to actual cardiac motion. In reality, respiration causes not only a Superior-Inferior shift of the heart, but also a non-rigid deformation of the heart, which becomes important during a large displacement of the diaphragm. As shown in Fig. 7E , both the 0mm (simulating peak expiration) and 10mm (simulating peak inspiration) plateaus' data were accepted when motion correction was performed. For human experiments, the 10mm data should be rejected, since peak inspiration would surely lead to heart deformation relative to the heart's shape at peak expiration. Therefore, a reasonable acceptance window to ensure negligible deformation of the heart needs to be determined.
Human volunteer experiments demonstrated that tracking coils provided accurate motion detection, allowing respiratory gating when placed on the abdomen with a surface coil. This suggests that motion correction may be feasible, once tracking coils are integrated with intra-cavity coils, since it measures directly the motion of the internal imaging targets. Comparing the acceptance rates in motion correction (Figs. 6 and 7) with gating (Fig 8) , it is seen that gating alone led to less efficient scans than prospective correction. When gating was used, data were accepted only if the imaging target moved within a small acceptance window, such as the 5mm window used in the human experiment. When motion correction was used, however, motion was followed and corrected in real-time, so in theory, no acceptance window needed to be set, as seen in Fig. 6E & 7E where both 0 and 10mm positions were accepted. In practice, however, an acceptance window may be required due to the tissue deformation. Nevertheless, the size of the acceptance window could be larger to gain efficiency.
For all the experiments, only translational thresholds were set, due to the fact that physiological motion always contains at least one translational component, but if pure rotational motion is to be corrected (e.g. patient rolling), rotational thresholds can be easily added.
In our experiments, the tracking coils moved together with the imaging coil. However outside the ex-vivo heart, artifacts still remained despite motion correction (Figs. 6, 7) .
Using Fig. 7I as an example, prospective motion correction dramatically recovered the heart tissue image quality, but relative to Fig. 7G , artifacts outside of the heart are observed. This was caused due to water flow in the chamber which occurred each time the table moved relative to the chamber, and could not be corrected. This suggests that in in-vivo imaging, the imaging target's appearance will improve, while the neighboring organs, which move at a different rate and in a different direction, might receive enhanced motion artifacts and appear blurred. This, however, is likely to be inconsequential for intra-cavity coil imaging, given the small size of the imaging coil and highly localized imaging-sensitivity.
In conclusion, we developed prospective motion correction techniques for intra-cavity imaging using an array of tracking coils. Although not used in intra-cavity imaging in this paper, this preliminary work has shown that the tracking coils are accurate and fast enough to provide motion information in high-resolution imaging. Flow-chart of the motion tracking and prospective motion correction platform used for 2D GRASS. It consists of a Stabilization module which uses tracking for detecting quiet physiological regions, a Motion Correction module for applying prospective motion correction to the imaging sequence, and a Re-Acquisition module for detecting intraimaging motion, which governs whether the acquired segment will be accepted or rejected and later reacquired. Modified 3D ECG-gated IR-FGRE with an integrated MR-tracking sub-sequence. Acquisition was performed in mid-diastole. Two tracking segments (MR track) were added; before and after the imaging segment, and used to prospectively correct motion for the imaging segment (Data Acq), and to determine the acceptance or rejection of the acquired data. Prospective 3D ECG-gated IR-FGRE motion correction in a moving ex-vivo swine heart using tetrahedral-based tracking during simulated respiratory motion. 3D IR-FGRE experiment to image the human kidney with respiratory gating using a tracking coil array placed on the abdomen together with an imaging coil. (A) without respiratory gating, (B) motion recorded with the tracking coils prior to and during the acquisition of (A). The first 200 time points show the tracking only period, and show a continuous breathing pattern, while the points after index 200 are during IR-FGRE image acquisition and show a discrete pattern due to the slower sampling rate. "*" marks the accepted points, which are all points when respiratory gating is not applied. (C) Imaging with respiratory gating, and (D) the motion recorded prior to and during the course of acquiring (C). Dotted horizontal lines show the 5mm acceptance window.
